Sazhinite-(La) is a new mineral from the Aris phonolite, Windhoek, Namibia. It occurs in vesicles within the phonolite, together with other species crystallized from late-stage hydrothermal fluids: natrolite, aegirine, microcline, apophyllite, sphalerite, analcime, fluorite, villiaumite, hydroxylapatite, galena, makatite, quartz, eudialyte, kanemite, tuperssuatsiaite and korobitsynite. Sazhinite-(La) forms small euhedral crystals up to 1 mm long and 0.4 mm wide, elongated along [001] and flattened on (010), exhibiting the forms {h0l}, {100} and {001}. It has good cleavage parallel to {010} and {001}. Twinning was not observed. Crystals are brittle with a Mohs hardness of 3, creamy white with a white streak, vitreous to pearly lustre, and translucent to transparent. In plane-polarized light, crystals are colourless with a = Z, b = Y, c = X. It is biaxial positive with a = 1.524, b = 1.528, g = 1.544, all Ô0.002, 2V Z (obs) = 46(1)º, and 2V Z (calc.) = 53.6º.
Introduction
SAZHINITE-(CE), Na 3 CeSi 6 O 14 (OH)Á6(H 2 O), was first described from the Yubileinaya alkaline pegmatite, Mt. Karnasurt, Lovozero massif, Kola Peninsula, Russia (Es'kova et al., 1974) . Since then, it has been reported from the Poudrette quarry, Mont Saint-Hilaire, Québec, Canada Gault, 1990, Chao et al., 1991) and from the Demix-Varennes quarry, SaintAmable sill, Varennes, Verchéres Co., Québec, Canada (Horváth et al., 1998) . Sazhinite-(Ce) is orthorhombic, Pmm2, a = 7.50(3), b = 15.62(6), c = 7.35(3) Å , V = 861 Å 3 , with the general formula H x N a 3 Àx C e S i 6 O 1 5 Án ( H 2 O ) ( n 5 1 . 5 ) (Shumyatskaya et al. 1980) . These authors detected H 2 O groups at the O(12) and O(13) sites but questioned the feasibility of the O(13) position because of the high isotropic atom-displacement parameter found in the refinement (10.02 Å 2 ). Here, we report the occurrence of a new mineral species, sazhinite-(La) (IMA-CNMMN 2002-42a ) and a new occurrence of sazhinite-(Ce). This work is dedicated to the memory of David Shannon, who passed away on 2nd January, 2004. Dave collected large amounts of material from Aris in 1996, and provided the samples which allowed the description of this new species.
Occurrence
Sazhinite occurs in the Aris phonolite, located 25 km south of Windhoek, Namibia. Samples were collected from a quarry being mined for road and railway ballast. The phonolite is highly vesicular, fine-grained, aphyric and consists of alkali feldspars, nepheline and acmite, with minute accessory apatite, zircon and monazite (von Knorring and Franke, 1987) . The vesicles in our samples range from <1 mm to >10 cm in diameter. Many are filled with fluid and appear to 'burst' when the rocks are split. In addition to rare sazhinite, the vesicles commonly contain natrolite, aegirine, microcline, apophyllite, sphalerite, analcime, fluorite, villiaumite, hydroxylapatite, galena, makatite, quartz, eudialyte (von Knorring and Franke, 1987) , kanemite (Garvie et al., 1999) , tuperssuatsiaite (von Knorring et al., 1992; Cá mara et al., 2002) , and korobitsynite (Niedermayr et al., 2002) .
Physical and optical properties
Sazhinite-(La) occurs as euhedral crystals up to 1 mm long and 0.4 mm wide, although neither end of any crystal was observed (Fig. 1) . Crystals are elongated along [001] and flattened on (010). The most common forms are the dome {h0l} and the pinacoids {100} and {010}. Twinning was not observed. Cleavage planes {010} and {001} are good and crystals are brittle. The larger crystals are commonly altered. Unaltered sazhinite crystals are creamy white with a white streak, with a vitreous to pearly lustre. The density, based on the crystal analysed (see below), is 2.64 g/cm 3 . Sazhinite-(La) is colourless in transmitted light, optically biaxial positive, with a = 1.524Ô0.002, b = 1.528Ô0.002 and g = 1.544Ô0.002 (l = 589 nm), and birefringence of 0.020. From spindle stage data (using the software by Bartelmehs et al., 1992) , 2V Z (observed) is 46(1)º; 2V Z (calculated) = 53.6º. Orientation: a = Z, b = Y, c = X, and the optic axial plane coincides with (010). The compatibility index (Mandarino, 1981) is À0.025 (excellent).
Chemical composition Electron microprobe analysis (EMPA)
Two sazhinite crystals were embedded in an epoxy mount and analysed using a Cameca SX100 electron microprobe. Natural and synthetic compounds were used as standards. Analytical conditions and procedures wee reported by Ottolini et al. (2004) , where problems related to beam damage and Na mobility during EMPA are also discussed. We measured systematically low totals corresponding to difficulties in analysing Na (Ottolini et al., 2004) . The locations of the points analysed in crystals 1 and 2 are shown in Fig. 2 and the chemical compositions and overall analytical uncertainties are reported in Table 1 . In addition, qualitative X-ray maps (Fig. 3 ) were recorded using a Jeol JSM-5910LV SEM fitted with a PGT EDS microanalysis system operating at an accelerating voltage of 15 kV and 1 nA probe current. Acquisition time was 7600 s (dwell time 4.9610 À4 s/pixel per frame, averaging 70 frames), collecting 14000 cps in a total spectrum of 512 pixel-sized maps. The emission lines used were O Ka, Si Ka, Na Ka, La La 1 , Ce La 1 , and Th Ma, counting in energy windows centred on the lines and 1.5 FWHM wide.
FIG. 1. Sazhinite crystal in a vug. The sazhinite crystal is 0.6 mm long.
Significant S contents were recorded by EMPA, and show a negative correlation with Si. This, together with the problems related to low Na 2 O, led us to re-normalize the EMPA data on the basis of (Si+S) = 6 atoms per formula unit (a.p.f.u., Table 1 ). Table 1 shows the analysed and stoichiometric values for Na 2 O, together with stoichiometric value for H 2 O derived from the structure refinement. The different chemical compositions reported in Table 1 correlate with the back-scattered electron (BSE) images (Figs 2 and 3) and X-ray maps. In particular, La À1 Th is the main chemical exchange in both crystals (Fig. 4a ). Crystal 1 (used for the X-ray single crystal diffraction study) is dominantly sazhinite-(La) with a Th-rich rim. Crystal 2 is sazhinite-(Ce) with minor Th depletion towards the rim and a region of Th-depleted sazhinite-(La) (analysis points 7 and 8, Fig. 3b ). In order to maintain local charge-balance, such an exchange implies equal quantities of Ca and Th. This is not the case as Ca and Th are inversely correlated (Fig. 4b 
SAZHINITE-(LA) FROM ARIS
implying a more complicated substitution scheme involving other structural sites.
Secondary-ion mass-spectrometry (SIMS)
A Cameca IMS 4f ion microprobe was used in this study. Analytical conditions and procedures were described by Ottolini et al. (2004) . SIMS data are reported in # calculated by stoichiometry in order to obtain 3 a.p.f.u. at the Na(1), Na(2) and Na(3) sites and 2 H 2 O p.f.u.
limits for these two elements. However, the Na 2 O content measured by EMPA is lower than the SIMS measurements, the latter in good agreement with the Na content obtained by X-ray singlecrystal diffraction (see next section).
X-ray crystallography
A crystal was examined at CNR-IGG using a Bruker AXS SMART Apex single-crystal diffractometer with a 5 cm crystal-to-detector distance and graphite-monochromatized Mo-Ka X-radiation operating at 40 kV and 40 nA. Three-dimensional data were integrated and corrected for Lorentz, polarization, and background effects using the SAINT+ software version 6.02 (1 Bruker AXS). Unit-cell dimensions reported (Table 3) were calculated from the least-squares refinement of the positions of all the collected reflections. Frame widths of 0.2º in o were used to collect 900 frames per batch in three batches at different f values (0º, 120º, 240º). Counting time per image was 20 s. Raw intensity data were corrected for absorption using SADABS v. 2.03 program (Sheldrick, 1996) . ss = calculated site-scatterings, in e.p.f.u. # calculated by stoichiometry in order to obtain 3 a.p.f.u. at Na(1), Na(2) and Na(3) sites and 2 H 2 O p.f.u.
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The structure was refined with the software package SHELXTL version 6.10 (1 Bruker AXS). Starting atom coordinates were taken from Shumyatskaya et al. (1980) . DifferenceFourier maps showed the presence of two residua near 4 e À /Å 3 that were added to the model as Na (3) and O(14) . Refinement of occupancies of these two sites (Na + and O scattering curves, respectively) yielded half-occupancy factors. (1) 7 (1) 9 (1) 7 (1) 6 (1) À1 ( (2) 7 (1) 6 (1) 7 (1) 7 (1) À1 (1) À1 (1) 2 (1) Si (2) 4(i) 0.2937(2) 0.4018(1) 0.3404 (2) 11 (1) 7 (1) 9 (1) 15 (1) À1 (1) À1 (1) À2 (1) Si (3) 2(g) m.. (2) 8 (1) 8 (1) 9 (1) 7 (1) 2(1) 0 0 Na (1) 2(h) m.. Ý 0.2550(2) 0.0622 (13) 36 (1) 18 (2) 38 (2) 51 (3) À22 ( (9) 68 (3) 55 (4) 112 (6) 37 ( (9) 37 (2) O (1) 2(e) .m.
0.2614(6) 0 0.8691 (7) 14 (1) 15 (2) 12 (2) 15 ( (7) 29 (1) 27 (2) 19 (2) 42 (2) À15 (2) À7 (2) À4 (2) O (3) 4(i) 0.2428(4) 0.1635(2) 0.9606 (5) 15 (1) 15 (1) 15 (1) 14 (1) À7 (1) À1 (1) 3 (1) O (4) 4(i) 0.1769(5) 0.1128(2) 0.6089 (5) 16 (1) 14 (1) 19 (1) 15 (1) À2 (1) À5 (1) 8 (1) O (5) 4(i) 0.1768(5) 0.3915(3) 0.5307 (7) 29 (1) 17 (2) 35 (2) 36 (2) 12 (2) 16 (2) À6 (1) O (6) 2(f) .m.
0.2648(7)
Ý 0.2635 (7) 16 (1) 22 (2) 9 (2) 17 ( (6) 14 (1) 23 (2) 16 (2) 4 (2) 3 ( (8) 17 (1) 27 (3) 8 (2) 17 (2) À1 ( (8) 28 (1) 57 (4) 17 (2) 9 (2) À2 ( (7) 14 (1) 1 (2) 16 (2) 26 (2) 5 ( (8) 19 (1) 10 (2) 24 (2) 25 ( The anisotropic-displacement factor exponent takes the form: Table 4 . Selected interatomic distances are reported in Table 5 . Observed and calculated structure factors are reported in Table 6 (deposited with the editor and available from www.minersoc.org/e_journals/ dep_mat.html). Due to extensive intra-crystalline chemical zoning, the X-ray powder-diffraction pattern (Table 7) was calculated from the refined structure model.
Description of the structure
Shumyatskaya et al. (1980) described sazhinite-(Ce) as a member of the dalyite family. Dalyite (K 2 ZrSi 6 O 15 , Fleet, 1965) , sazhinite-(Ce), and sazhinite-(La) have structures comprising wavy layers of silica tetrahedra condensed to xonotlitelike chains, and forming alternating four-, six-and eight-membered rings (Fig. 5a ). Tetrahedra share three of their four apices with neighbouring tetrahedra. Xonotlite-like chains are formed by condensation of wollastonite-like chains, in which two tetrahedra point downward and one tetrahedron points upward. In sazhinite the corrugated layers are linked by [7] -coordinated REE and minor quantities of actinides at the M site (Fig. 5b ), which can be described as a capped octahedron. The silica-REE framework gives rise to channels that contain three alkali cations p.f. (Haile and Wuensch, 2000) ; however, the positions of cations in the channels are different. Small cations (Na) coordinate H 2 O groups, whereas large cations (K) occupy the position of the H 2 O group in sazhinite.
The local structure around Na sites is shown in Fig. 6. From Fig. 6a , it is evident that the Na(1) atom can be 5-fold or 6-fold coordinated depending on whether the O(14) anion is vacant or not. A vacancy at the O(14) site does not encompass a larger impact on the bond valence incidence at the Na(1) site [see bond-valence table for sazhinite-(La) at Table 8 ]. Positional disorder at the O(14) anion site is probably related to the oblate ellipsoid of the Na(1) site. The Na (2) (4) 1.624(3) Si(2)ÀO(11) 1.626(2) Si(1)ÀO (1) 1.629(2) Si(2)ÀO(6) 1.634(2) <Si(1)ÀO> 1.612 <Si(2)ÀO> 1.614
Si(3)ÀO (7) 1.570 (5) Si (4)ÀO (9) 1.578(6) Si(3)ÀO (4) 62 1.624(3) Si(4)ÀO(5) 62 1.597(4) Si(3)ÀO (8) 1.625 (5) Si (4) 2.526 (7) <Na(2)ÀO> 2.563 Na(3)ÀO (7) #4 2.528(7) Na(3)ÀO (4) #4 2.672 (8) Na (2)ÀNa (2) #3 3.276(12) <Na(3)ÀO> 2.487 Na(3)ÀNa (1) #4 3.600 (8) Symmetry transformations used to generate equivalent atoms: #1 Àx,y,zÀ1 #2 x,y,zÀ1 #3 Àx,Ày+1,z #4 x,Ày+1,z #5 x,y,z+1 #6 Àx+1,y,z bond valence incident sum for Na(2) that may be related to its high dynamic disorder. The different possible local configurations for the Na(3) site are shown in Fig. 6b : configuration 1 is not allowed because of very short Na(3)ÀNa(3) distances (2.31 Å ); all the other cases are possible. Configuration 2 is the one chosen for Fig. 5a .
The chemical formula of sazhinite
The T sites are occupied by Si (with minor S), and the O(1)ÀO (11) 6À for Z = 2. The refined site scattering at the M site (Table 2 ) is in accordance with REE occupancy, the dominant cation being La 3+ ( Table 2 ). The Na(1) and Na(2) sites are fully occupied and the Na(3) site is halfoccupied, resulting in an Na content of 3 a.p.f.u. (for Z = 2), in accordance with the amount of Na determined by SIMS ( Table 8 shows that O(13) and O(14) are close to Na(3); if Na(3) is unoccupied, O(13) and O(14) have no significant role in the structure and are probably unoccupied, giving an H 2 O content of 1 p.f.u., corresponding to the H 2 O group at the O(12) site. If Na(3) is halfoccupied then O(14) should be half-occupied. The refinement gives O(14) as half-occupied and it is probable that the high displacement factor of this anion site (Table 4) indicates further partial occupancy down to 0.25, thus summing up 2 H 2 O p.f.u. Note that Ottolini et al. (2004) give a much lower H 2 O content, and ascribe the difference to loss of weakly-bound H 2 O molecules in the crystal structure under the high vacuum of the ion microprobe during SIMS analysis.
Chemical substitutions in sazhinite-(La)
The end-member formula for sazhinite-(La) is Na 3 La[Si 6 O 15 ](H 2 O) 2 and the principal substituents in this structure are (in order of decreasing importance and ignoring homovalent substitutions) Th 4+ , S 6+ and Ca 2+ . These atoms have valences different from the cation species in the end-member compositions, and hence their incorporation must be as coupled with heterovalent substitutions. For example, Th 4+ substitution for REE 3+ at the M site must accompany the substitution of a lower-valence species. Hence S 6+ We cannot measure Na accurately by EMPA in sazhinite-(La) and hence cannot check the variation in Na. However, this is a likely way in which the additional charge of Th 4+ can be accounted for, since substitution for Si produces unacceptable local bond-valence sums. In addition, the Na(3) site shares two O(3) and one O (7) anions with the M site. Thus the entrance of highcharge cations at the M site would compensate FIG. 5. Projection of the sazhinite structure (a) onto (001) and (b) onto (100). In (a) the Na(1) and Na(2) sites and coordinating O atoms are shown as ellipsoids at 95% probability. In both figures the O(12), O(13) and O (14) O atoms are shown as spheres.
local charge deficit at these anion sites due to vacancies at the adjacent Na(3) sites. The substitution of Ca 2+ for REE 3+ requires a higher-valence species replacing a lower-valence species. However, Ca and S are negatively correlated. Another possibility is Na ? &, with the resulting substitution
Again, we cannot check this substitution by the corresponding variation in Na because of the inaccurate analysis of that element.
Some sazhinite-(La) contains significant S, which is correlated with Si (Fig. 4c) suggesting that they substitute for each other. Inspection of FIG. 6. The local bonding environments for the (a) Na(1) and Na(2) sites and (b) the Na(3) sites. In (b) different local configurations for the Na(3) site are shown: while configuration 1 is not allowed because of very short Na(3)ÀNa (3) distances (2.31 Å ); all the other cases are possible. (von Knorring and Franke, 1987) , show a linear decrease in REE from La toward the HREEs (Fig. 7) . While the single-crystal pattern shows depletion of Zr, Ti and, to a lesser extent, Nb, the whole-rock pattern is less depleted in those elements. The depletion of these elements in sazhinite-(La) from Aris is caused by competition from the concomitant growth of other minerals such as eudialyte and korobitsynite, which deplete the fluid in small-radius cations (<0.8 Å ). Haile and Wuensch (1997) Karpov et al., 1976) . Haile et al. (1995) proposed that the topology of the silicate units in [Si 6 O 15 ] compounds is controlled by the electronegativity of the cation at the M site rather than by difference in radius.
Related structures
Sazhinite and the synthetic compound b-K 3 NdSi 6 O 15 (Haile and Wuensch, 2000) have [Si 6 O 15 ] 6À sheets that are topologically equivalent; however, the positions of cations in the channels present in the REE-[Si 6 O 15 ] 6À framework are different. Small cations (Na) coordinate H 2 O groups in sazhinite, whereas larger cations (K) in b-K 3 NdSi 6 O 15 occupy the position of the H 2 O group in sazhinite, similarly to that proposed for Na and Cs in the analcime-pollucite solidsolution (Armbruster and Guenter, 2001 ). The possibility of complete substitution of Cs for Na (plus H 2 O) can thus also be inferred in sazhinite, although it would probably occupy the position of K a t o m s i n t h e s y n t h e t (von Knorring and Franke, 1987 ; filled dots) and data for sazhinite (Ce) Lovozero (Es'kova et al., 1974) (grey diamonds).
and b-K 3 Nd[Si 6 O 15 ] (Haile and Wuensch 2000) . In Na 3 Y[Si 6 O 15 ] the Na(2) atoms occupy half the 8i site (x y Ü) where there is only 1.201 Å between adjacent Na(2) sites. In sazhinite-(La), the Na(3) atoms occupy half the 4i site (x y z) and there is 2.312 Å between two adjacent Na(3) sites and hopping of Na from occupied to unoccupied Na(3) sites is possible, explaining the high anisotropic displacement of the H 2 O groups at the O(14) sites. If this effect propagates then ionic conductivity is possible along the a axis.
